Summary The metabolism of 1-naphthol, a model phenolic substrate, to its glucuronic acid and sulphate ester conjugates has been studied in short-term organ cultures of normal human colon and tumour tissue, subcellular fractions of these tissues, human colonic tumour cell lines and human colonic tumour xenografts. Normal colonic tissue, in short-term organ culture, formed more 1-naphthyl sulphate than glucuronic acid conjugates. In contrast the colonic tumours, under the same conditions, produced more l-naphthyl ,B-Dglucuronide than l-naphthyl sulphate. A marked interindividual variation in sulphate ester and glucuronic acid conjugation was noted in both normal and tumorous colon. The conjugation of 1-naphthol was also investigated, using subcellular fractions, where the metabolism found with normal colon reflected that observed utilizing short-term organ culture, but that from colonic tumour samples did not. Cell lines derived from human colonic adenocarcinomas metabolised l-naphthol almost exclusively to its glucuronic acid conjugate. Xenografts derived from human colonic tumours formed similar conjugates to surgical samples in culture. Thus somewhat different results were obtained dependent on the experimental model chosen. However, in all colonic tumour systems studied, when the cells remained intact and where tissue architecture was maintained, 1-naphthol was metabolised predominantly to its glucuronic acid conjugate.
Colon cancer is a major disease in the Western World. It has a poor prognosis and treatment with chemotherapy has been disappointing (Weisburger et al., 1975) . A better understanding of the xenobiotic metabolising enzymes present in normal human colon and colonic tumours may aid in the identification of biochemical differences which may be exploitable for chemotherapy.
Several different experimental models are available to study the pathways of drug metabolism with human tissues. Such tissues may be obtained at surgery or autopsy and cultured in vitro. Classical biochemical subcellular fractionation can be used to study drug metabolism. However, in this investigation, greater reliance is placed on experiments which have maintained both cellular integrity and tissue architecture, i.e. explant organ culture. Another approach is to use cell lines established from human tumours. Human tumours can also be maintained as xenografts in mice whose immunological responses are depressed. Cell suspensions or cultures and explant organ culture, i.e., intact cellular systems, have advantages in that the full complement of drug-metabolising enzymes is present and possible rate limiting phenomena such as cofactor levels, control mechanisms and cellular transport systems are preserved as found in vivo. However, studies with subcellular fractions are simpler to perform and the results give an indication of the presence or absence of enzymes, but not whether such reactions occur in vivo.
The majority of studies on the xenobiotic metabolising enzymes in tumour tissues have concentrated on Phase I oxidative reactions, most commonly in rodent hepatomas of different growth rates (Adamson & Fouts, 1961; Miyake et al., 1974; Strobel et al., 1978; Zimmerman et al., 1976) . Other investigations have studied the Phase II conjugation reactions of drug metabolising enzymes. Various rodent hepatomas have increased UDPglucuronosyltransferase activity when compared with the corresponding normal tissue using various substrates, including 1-naphthol, p-nitrophenol and o-and p-aminophenol (Zimmerman et al., 1976; Lueders et al., 1970; Winsnes & Rugstad, 1973; Gessner, 1974; Bock et al., 1975) . In the Reuber H-35 hepatoma, this increase in glucuronic acid conjugation was accompanied by a greatly decreased phenol sulphotransferase activity to pnitrophenol (Gessner, 1974) . Human mammary neoplasms have a variable pattern of steroidsulphating activity which differ from either normal breast tissue or normal liver (Dao & Libby, 1968) .
Previous results in our laboratory using shortterm organ cultures of normal human lung have shown that 1-naphthol is metabolised primarily to sulphate ester conjugates (Mehta & Cohen, 1979) , whereas tumour tissue from the same patients, in particular those with squamous cell carcinomas, formed almost exclusively the glucuronic acid ©) The Macmillan Press Ltd.
conjugate (Cohen et al., 1981 Drewinko et al. (1976 Drewinko et al. ( ,1978 was cultured in Hams medium containing 10% bovine foetal calf serum, glutamine (1 mM), penicillin (100 u ml 1) and streptomycin (100pg,ml-1) in Reactions were terminated by the removal of 100 pl aliquots of the incubation media into tubes with an equal volume of methanol containing the unlabelled standards 1-naphthol, 1-naphthyl-fl-D-glucuronide and l-naphthyl sulphate.
Chromatography of J-naphthol conjugates The conjugates in both the culture and incubation media were analysed by thin layer chromatography (TLC) essentially as previously described (Mehta et al., 1978; Cohen et al., 1981) .
Results
Short-term organ cultures Short-term organ cultures of normal human colon metabolised l-naphthol to both its sulphate ester and glucuronic acid conjugates. At low concentrations of 1 -naphthol (20 yM), normal colon formed significantly more l-naphthyl sulphate than 1-naphthyl-,B-D-glucuronide (Figure la) (Table I) . Both normal and tumour tissue formed significantly more sulphate ester than glucuronic acid conjugates, and with both tissues only very small amounts of the latter metabolite were formed (Table I) . A concentration dependent increase in conjugate formation was generally observed (Table I) . Incubations with rat liver 10,000 g supernatant fractions, run in parallel in each case, showed over 90% conversion to the glucuronide with 1-naphthol, indicating that the incubation conditions were satisfactory (results not shown).
Human colonic carcinoma cell lines All three human colonic carcinoma cell lines produced 1-naphthyl-,B-D-glucuronide with little, if any, l-naphthyl sulphate being formed (Figure 2 ).
When the concentration of l-naphthol was increased from 5-20,M, all three cell lines showed an increased production of l-naphthyl-,B-Dglucuronide. Above this concentration, the formation of the glucuronic acid conjugate decreased, possibly due to toxicity of l-naphthol at these higher concentrations or to substrate inhibition (results not shown). formed both glucuronic acid and sulphate ester conjugates of l-Naphthol (Table II) . l-naphthyl-,B-D-glucuronide was the predominant metabolite at the substrate concentrations (20 and 1OOpM) studied in both xenografts (Table II) .
Discussion
The metabolism of l-naphthol, a model phenolic substrate, was studied using different experimental systems. Short-term explant cultures, of both normal-appearing colon and tumour tissue, formed both sulphate ester and glucuronic acid conjugates. A very marked interindividual variation in metabolism was observed (Figures la and b) . A similar variation has also been observed in other studies of human drug metabolism, both in vivo (Hammer & Sjoqvist, 1967) and in vitro (Autrup, 1982) . Particularly striking were the observations that l-naphthol (20pM) was metabolised by normal colonic mucosa predominantly to its sulphate ester F conjugate, whereas colonic tumour tissue from the same patients showed both a significant decrease in the amount of sulphate ester conjugate formed and also a significant increase in the amount of glucuronic acid conjugate formed. These observations confirm and extend our initial preliminary study with human colon (Cohen et al., 1983) . A similar alteration had been observed in our earlier study when short-term organ cultures of human lung metabolised l-naphthol almost exclusively to 1-naphthyl sulphate, whereas lung tumours, in particular squamous cell carcinomas from the same patients, formed almost entirely 1-naphthyl-fl-D-glucuronide (Cohen et al., 1981) .
In order to extend the current studies, subcellular fractions from human colonic mucosa and tumour tissue were employed. A 10,OOOg supernatant fraction from normal colon formed mainly 1-naphthyl sulphate in agreement with data obtained using short-term organ cultures. However, the 10,OOOg supernatant fraction from colonic tumour tissues also formed mainly 1-naphthyl sulphate and little glucuronic acid conjugate in contrast to the results with organ culture. This low level of glucuronidation may be due to the UDPglucuronosyltransferase being either latent or to it becoming inactivated in preparation or to the release of fl-glucuronidase from lysosomes. However, at pH 7.4, the hydrolytic activity of f,-glucuronidase has been reported as negligible (Dutton, 1966 1-NS l-naphthyl sulphate; 1-NG l-naphthyl-,B-D-glucuronide. The xenografts were removed from the animals under sterile conditions and short-term organ cultures set up as described in Materials and methods. The tissues were cultured for 24h and the culture medium was changed for one containing [1-14C]-l-naphthol for another 24 h. The amount of the radioactivity in the medium at the end of the culture was 60-85% of the total.
Aliquots of the media were analysed for l-naphthol conjugates by TLC. The results were expressed as the mean of two determinations. The amount of protein per dish ranged from 0.2 to 2.2mg. differed from those observed with short-term organ cultures of colonic tumour tissue which formed both conjugates. These differences may be due to a number of possibilities including: (i) the presence of normal cells in the organ culture which are responsible for the formation of the 1-naphthyl sulphate, or (ii) the selection of a particular population of cells in the cell lines and/or (iii) the disruption of the tumour architecture.
The two human colonic adenocarcinoma xenografts studied (PXN/1 and P76) metabolised 1-naphthol in a similar way to short-term organ cultures of human colonic adenocarcinomas i.e. both sulphate ester and glucuronic acid conjugates were produced, with the latter predominating. Tissue from xenografts in explant culture maintained the structure of the tumour, unlike the system utilizing cell lines.
The changes in sulphate ester and glucuronic acid conjugation (Figures la and b) observed between normal and tumour tissue may be affected by alterations in the level or activities of the hydrolytic enzymes, P-glucuronidase and arylsulphatase. Thus the lower sulphate ester conjugate production in tumour tissue could be caused by an increased activity of arylsulphatase. Such increases have been reported in several solid human carcinomas, including colorectal carcinoma (Dzialoszynski et al., 1966 and Fishman & Anlyan, 1947) . Recently, however, Morgan et al. (1975) demonstrated that only 24% of tumours from patients with adenocarcinoma of the colorectal regions had elevated levels of arylsulphatase B. Thus, alterations in the hydrolytic enzymes cannot apparently explain the differences in conjugation observed between normal colon and tumour tissues. Such differences may be explained by alterations in enzyme protein(s) or in the generation of the appropriate cofactors.
Both UDP-glucuronosyltransferase (Dutton & Burchell, 1977) and sulphotransferase (Dodgson, 1977) exist in multiple forms, and as yet it is not known if similar changes in conjugation occur with other substrates. Although the significance of such alterations in conjugation is not clear, it may be related to changes in mucus secretion. A large proportion of colonic mucins from normal human colon consists of sulphomucins, whereas in colonic tumours a marked decrease or absence of sulphomucins is accompanied by an increase in sialomucins (Filipe, 1979) . However, it has also been found that normal colonic mucosa adjacent to and remote from colon carcinomas show a shift towards sialomucins (Filipe & Branfoot, 1974; Shamsuddin et al., 1981) .
In summary, this study has compared the routes of conjugation of l-naphthol using different in vitro experimental systems. When cellular integrity was maintained i.e. in short-term organ cultures of human colonic tumours, l-naphthol was metabolised predominantly to its glucuronic acid conjugate. In contrast, short-term organ cultures of normal human colon formed mainly l-naphthyl sulphate. A marked interindividual variation in the ability of both normal and tumorous colon from patients to conjugate l-naphthol was observed. This alteration in conjugation pathways between normal and tumour tissues may be exploitable in cancer chemotherapy.
